The possibility of creating zero CO 2 emissions residential buildings due to life cycle energy use in the island of Crete, Greece has been examined. In a typical residential building located in Crete, Greece, its annual operating energy has been appraised at 170 KWh/m 2 and its embodied energy at 30 KWh/m 2 . Various locally available renewable energies including solar energy, solid biomass and low enthalpy geothermal energy with heat pumps have been considered for generating the required heat and offsetting the grid electricity used. Their technologies are mature, reliable and cost-effective. Offset of the annual grid electricity use in the building with solar-PV electricity is allowed according to the net metering regulation. For zero carbon emissions due to embodied energy of the building, generation of additional solar electricity injected into the grid is required. A mathematical model has been developed for sizing the required solar-PV system installed in the building in order to offset the grid electricity use. For a residential building in Crete, Greece with a covered area of 100 m 2 , the power of the additional solar-PV system has been estimated at 1.6 KWp and its cost at 2400 €. In the current work, it is indicated that the creation of a zero CO 2 emissions residential building due to life cycle energy use in Crete, Greece does not have major difficulties and it could be achieved relatively easily.
Low Energy Buildings
European legislation is forcing towards the creation of new buildings with nearly zero energy consumption and the refurbishment of old buildings in order to re- Realization of a small residential building with zero CO 2 emissions due to energy use in Crete, Greece has been reported from Vourdoubas, 2017 [4] . The author reported that renewable energy sources including solar thermal energy, solar-PV energy and solid biomass were used covering all the heating needs in the building and offsetting its annual grid electricity consumption. The cost of the required renewable energy systems corresponded at 10.77% of its construction cost and it was equal to 1.65 € per kg CO 2 saved annually in the building. Tselepis, 2015 [5] has implemented various case studies, including households, concerning electricity generation with solar-PVs in Greece according to the net-metering regulations, indicating that it was profitable.
Environmental Impacts of Buildings due to Energy Use
A review of current trends of operating versus embodied emissions in buildings has been published by Ibn-Mohammed et al., 2013 [6] . The authors stated that in order to mitigate climate change, buildings must be designed and constructed with minimum environmental impact. Total life cycle emissions from buildings . The authors also stated that the emissions were mainly due to construction materials and the share of electro-mechanical installations was below 2%.
Energy Consumption in Buildings
Karimpour et al., 2014 [10] have reported on minimizing the life cycle energy of buildings. The authors stated that in mild climates embodied energy in buildings can represent up to 25% of the total life cycle energy. In the future when operating energy in buildings will be reduced due to the construction of nearly zero energy buildings, the ratio of embodied energy to total life cycle energy will be increased. The need for an embodied energy measurement protocol for buildings has been reported by Dixit in buildings becomes lower due to efficiency improvements, embodied energy becomes more significant. They also reported that while a net zero operating energy building is now achievable, a zero life cycle energy building is likely to be more difficult.
The aim of the current study is to investigate the possibility of creating zero CO 2 emissions grid-connected residential buildings due to operating and embodied energy use with reference to the island of Crete, Greece. Appraisal of operating and embodied energy needs in the building is conducted first, followed by sizing the electricity generating solar-PV systems in order to zero the overall CO 2 emissions due to both operating and embodied energy use. The current study indicates the way that renewable energy technologies can be used in residential buildings in order to zero their overall carbon emissions due to operating and embodied energy use with reference to the island of Crete, Greece.
Operating and embodied energy in buildings
Energy is consumed in various phases during the life cycle of a building and it can be categorized as: 
Zero CO2 Emissions Residential Building Due to Operating Energy Use
Residential buildings consume energy for space heating, hot water production, Table 1 . 
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Zero CO2 Emissions Residential Building due to Operating and Embodied Energy Use
In order to zero CO 2 emissions due to life cycle energy use in a residential building, an additional requirement to those in section 3 must be fulfilled as follows:
c) An additional solar-PV system installed on site must generate annually and inject into the grid an amount of electricity equal to its total embodied energy, divided by the life span of the building.
With reference to a residential building located in Crete, Greece the nominal power of the required solar-PV system is estimated in two cases. In the first case, solid biomass is used for space heating, and in the second, a high efficiency heat pump. The sizing of the solar-PV system is made for offsetting its operating electricity and its embodied energy as well. In the following analysis three dimensionless parameters have been used including: a) the percentage of embodied energy to life cycle energy use in the building, b) the coefficient of performance (C.O.P.) of a heat pump, and c) the share of grid electricity generated by non-CO 2 emitting fuels. The first parameter varies depending on the construction of the building, the behavior of the occupants and the local climate and its indicative value has been taken from existing literature data. The value of the second parameter is usual in commercial heat pumps and the third parameter depends on the electric grid and the energy mix used. Its value taken in the following estimations is currently representative for Crete, Greece.
Mathematical Formulation
The following equations were used: 
In the case that electricity is not consumed for space heating and for hot water production in the building, then
In the case that a heat pump is used for space heating and electricity is not consumed for hot water production in the building, then
Adjustment due to Grid Electricity Generation from Renewable Energies and Nuclear Power
A part of the grid electricity is generated by non-CO 2 emitting fuels like renewable energy sources and nuclear power. In this case the solar-PV system in the building should offset only the grid electricity generated by fossil fuels.
If Y% is the share of grid electricity generated by non-CO 2 emitting fuels, then Equations ((6) and (7)) can be written as follows: 
Estimation of the Required Solar-PV System in Order to Zero CO2 Emissions due to Life Cycle Energy Use in a Residential Building When Solid Biomass Is Used for Space Heating
Energy consumption per sector for a residential building located in Crete, Greece is presented in Table 2 .
It should be mentioned that the high share of energy use for space heating in the residential building, although the climate is mild, is due to the fact that most buildings constructed before 2010 in Greece are very poorly thermally insulated.
For the following estimations, it has been assumed that the embodied energy in the residential building with a life span of 50 years is equal to 15% of its life cycle (Vourdoubas, 2016) .
energy use (Ramesh et al., 2010 [17] ). This is an average value reported also in other studies concerning life cycle consumption in buildings.
Setting in Equation (5) It is estimated that currently in Crete, Greece, 18% of the annual grid electricity is generated from renewable energy sources mainly wind and solar-PV energy. 
Estimation of the Required Solar-PV System in Order to Zero CO2 Emissions due to Life Cycle Energy Use in a Residential Building When a High Efficiency Heat Pump Is Used for Space Heating
When a heat pump is used for space heating in the residential building, its electricity consumption is higher compared with the previous case. The nominal power of the required solar-PV system in order to zero its CO 2 emissions due to Open Journal of Energy Efficiency life cycle energy use is estimated from equation 7. Assuming that the C.O.P. of the heat pump is 3 and according to Table 2 The results of the above-mentioned estimations are presented in Table 3 .
Equations (6(a), 6(b)) and 5 indicate that the nominal power of the required solar-PV system in both cases depends on the share of the embodied energy to life cycle energy in the building, (a), and from the share of grid electricity generated from non-CO 2 emitting fuels, (Y). In Table 4 the power of the solar-PV system for different values of a is presented and in Table 5 the power for different values of Y. Table 3 . Estimation of the required nominal power of a solar-PV system which could zero CO 2 emissions due to operating and life cycle energy use in a residential building in Crete, Greece with a covered area of 100 m 2 adjusted for grid electricity generation from non-CO 2 emitting fuels.
Use of heating energy in the building Space heating with solid biomass and hot water production with solar energy Space heating with a heat pump with C.O.P. = 3 and hot water production with solar energy
Nominal power of a solar-PV system generating annually the electricity used during its operation (KWp) 2.6 4.6
Nominal power of a solar-PV system generating annually the electricity used during its operation plus its embodied energy (KWp)
Additional power of the solar-PV system for covering its embodied energy (KWp)
1.6 1.6
Cost of the additional solar-PV system in the building for covering its embodied energy 1 2400 € 2400 € P2, Power of solar-PV when a heat pump is used for space heating and electricity is not consumed for hot water production in the building. Table 5 . Nominal power of a solar-PV system which could zero its CO 2 emissions due to life cycle energy use in a residential building in Crete, Greece, (a = 0.15).
share of grid electricity generated by non-CO 2 emitting fuels P1 (KWp/m P2, Power of solar-PV when a heat pump is used for space heating and electricity is not consumed for hot water production in the building.
Discussion
For the creation of zero CO 2 emissions buildings due to energy use, emphasis has been given in the use of renewable energy technologies. However the improvement of their energy efficiency reducing their overall energy consumption per covered area would result in lower annual energy needs and lower sizing of the required renewable energy systems. Particularly important is the reduction of the heating and cooling energy which could be achieved with increased thermal insulation. In the abovementioned analysis, the grid electricity generated by renewable energies which do not contribute in CO 2 emissions in Crete has been taken into account, including solar-PV and wind energy. Currently approximately 18% of the total grid electricity is generated by renewable energies in the 
Conclusions
Creation of zero CO 2 emissions residential buildings due to life cycle energy use in Crete, Greece can be achieved without major difficulties. Life cycle energy in a building is the sum of its operating and its embodied energy. In order to create such buildings, various reliable, mature and cost-effective renewable energy technologies can be used. With reference to the island of Crete and the local availability of renewable energies, they include solar thermal energy, solar-PV energy, solid biomass and low enthalpy geothermal energy. The share of embodied energy varies in different buildings and on average it corresponds to 15% of its life cycle energy use. It has been indicated that the embodied energy in a building can be offset with electricity generated with solar photovoltaics installed in it and injected into the grid. A simple mathematical model has been developed for the estimation of the required solar-PV system, compensating its operating electricity and its embodied energy as well. The embodied energy in the building and the share of CO 2 -free fuels used in grid electricity generation have 
